The symbiosis between a marine alga and a N 2 -fixing cyanobacterium (UCYN-A) is 28 geographically widespread in the oceans and is important in the marine N cycle. UCYN-A is 29 uncultivated, and is an unusual unicellular cyanobacterium because it lacks many metabolic 30 functions, including oxygenic photosynthesis and carbon fixation, which are typical in 31 cyanobacteria. It is now presumed to be an obligate symbiont of haptophytes closely related to 32 Braarudosphaera bigelowii. N 2 -fixing cyanobacteria use different strategies to avoid inhibition of 33 N 2 fixation by the oxygen evolved in photosynthesis. Most unicellular cyanobacteria temporally 34 separate the two incompatible activities by fixing N 2 only at night, but surprisingly UCYN-A 35 appears to fix N 2 during the day. The goal of this study was to determine how the unicellular 36 UCYN-A coordinates N 2 fixation and general metabolism compared to other marine 37 cyanobacteria. We found that UCYN-A has distinct daily cycles of many genes despite the fact 38 that it lacks two of the three circadian clock genes found in most cyanobacteria. We also found 39 that transcription patterns in UCYN-A are most similar to marine cyanobacteria that are capable 40 of aerobic N 2 fixation in the light such as Trichodesmium and heterocyst-forming cyanobacteria, 41 rather than Crocosphaera or Cyanothece species, which are more closely related to unicellular 42 marine cyanobacteria evolutionarily. Our findings suggest that the symbiotic interaction has 43 resulted in a shift of transcriptional regulation to coordinate UCYN-A metabolism with the 44 phototrophic eukaryotic host, thus allowing efficient coupling of N 2 fixation (by the 45 cyanobacterium) to the energy obtained from photosynthesis (by the eukaryotic unicellular alga) 46 in the light. 47 48 49 50 3 51 Importance 52
Introduction
7 the petL gene, encoding subunit 6 of the cytochrome b 6 f complex and the only nitrogen fixation-138 related gene in this cluster (nifK) had a substantial change at this time (more than 3-fold). 139
The transcript abundance of genes from clusters II and III had similar patterns, with an 140 increase before sunrise and a decrease during the dark period. The highest relative transcript levels 141 for clusters II and III were 4h and 1h after sunrise, respectively, and included genes involved in 142 nitrogen fixation (nifHDK operon) that increased 4-fold during the light period. However, these 143 clusters also included genes involved in oxidative phosphorylation (e. g., NADH dehydrogenases 144 subunits and ATP synthase related genes), carbohydrate catabolism such as those involved in 145 glycolysis (e.g. gap1, fbaA, pgi, eno), the pentose phosphate pathway (opcA and zwf) and 146 photosynthesis (e.g. cytochrome b 6 f complex subunit genes). In most cyanobacteria, genes 147 encoding proteins involved in carbohydrate catabolism are highly transcribed during the night and 148 are essential for survival under dark conditions. 149
The gene with the most dramatic difference in transcript levels between the light and dark 150 periods encoded the membrane protein COP23 (23 kDa circadian oscillating protein), which had 151 more than a 5-fold change in transcript abundance in both UCYN-A strains (Figure 1 ). COP23, a 152 protein which may have a critical role in membrane function, has only been detected in nitrogen-153 fixing cyanobacteria (20). 154
Cluster IV had genes with the highest transcript level during the night and lowest during the 155 day and included genes encoding photosystem I (PSI) subunits, a carbohydrate porin (oprB) and 156 also genes encoding ribosomal proteins with 2-and 4-fold changes during the night period. Cluster 157 IV had the lowest number of genes compared with the other clusters. Surprisingly, the PSI genes 158 (psaA and psaB) were expressed during the night as in many anoxygenic phototrophic bacteria 159 (21), whereas in most oxygenic cyanobacteria (including mats) these genes are expressed during 160 the day (22) . 161
8
The results show that UCYN-A has a daily rhythm of gene expression with strong 162 periodicities of transcript levels over the diel cycle. Daily patterns of gene transcription in 163 cyanobacteria are typically regulated by a circadian rhythm mediated by kai gene products (11) . 164
Rhythmic daily transcription patterns are still possible without the full suite of kai genes, for 165 example, the marine cyanobacterium Prochlorococcus sp. MED4 lacks one of the circadian genes, 166
kaiA, yet it maintains strong diel gene transcription patterns (18). However, Prochlorococcus sp. 167 PCC 9511 loses the typical periodicities of the circadian clock under continuous light (23). In the 168 case of UCYN-A, it lacks two of the three kai genes (24), which is unique among cyanobacteria, 169 and furthermore, the kaiC gene was not transcribed at detectable levels. It is unclear what controls 170 the UCYN-A diel gene expression pattern, but it could be that 1) there are unidentified 171 components of a clock and signal transduction pathway, or that 2) the pattern could be driven by 172 the physiological differences between light and dark conditions, which might be primarily driven 173 by energy supplied by the eukaryotic partner. It is possible that the diel transcription patterns in 174 UCYN-A are primarily regulated by the daily host metabolism, which itself is likely to be 175 circadian. However, it is not yet known whether the UCYN-A diel cycle is maintained under 176 constant conditions in UCYN-A, or whether the diel pattern is maintained in the absence of the 177 partner alga. 178 179 UCYN-A transcription patterns are similar to aerobic marine daytime N 2 -fixers and 180 non-N 2 -fixers 181 UCYN-A had diel whole genome expression patterns that were different from those of 182 phylogenetically closely related unicellular cyanobacteria (17). Only a few genes (such as those 183 encoding ATP synthase) had the same daily pattern among all cyanobacteria, presumably differing 184 because of physiology (e.g. N 2 -fixing or not). The unicellular cyanobacteria C. watsonii WH 8501 185 and Cyanothece sp. ATCC 51142, which fix N 2 during the night, expressed many genes in an 186 9 opposite pattern compared to the day-time N 2 -fixing T. erythraeum and UCYN-A (Figure 2 and  187   Tables S4 and S5 ). Interestingly, the diel transcription patterns of N 2 fixation and PSI genes in 188 UCYN-A were opposite to those in Cyanothece sp. ATCC 51142 and C. watsonii WH 8501 and 189 more similar to those of T. erythraeum (Figure 2 and Tables S4 and S5) . 190
As observed for the activity of nitrogenase, it has been demonstrated that levels 191 of nif transcripts and the biosynthesis of different components of the nitrogenase complex are very 192 sensitive to O 2 (22, 25-27), most likely to avoid energy losses associated with the degradation of 193 this enzyme by O 2 . Thus, the different patterns observed in the genes involved in N 2 -fixation in the 194 cyanobacteria studied here presumably are due to the different mechanisms used to protect the 195 nitrogenase complex from the O 2 produced by photosynthesis. T. erythraeum and UCYN-A had 196 the maximum transcript levels of the nitrogenase and PSI genes just prior to dawn, but maintained 197 high levels of transcripts for both sets of genes during the day. The peak of transcript levels just 198 before dawn is likely due to the advantage of synthesizing nitrogenase in preparation for N 2 199 fixation in the early hours of the day (28). 200
The diel expression patterns of genes that are unrelated to N 2 fixation in the aerobic day-time 201 N 2 -fixers (T. erythraeum and UCYN-A) were also more similar to those of non-N 2 -fixing 202 sympatric cyanobacteria of the genus Prochlorococcus and to heterocysts of heterocyst-forming 203 cyanobacteria than to the nighttime N 2 -fixing cyanobacteria (C. watsonii and Cyanothece sp.). The 204 transcript levels of genes encoding ribosomal proteins in both UCYN-A and T. erythraeum were 205 higher during the night, probably because the reduced nitrogen required for the synthesis of new 206 proteins was obtained during the day (Figure 2 and Tables S4 and S5 ). Similar patterns were 207 observed in Prochlorococcus with higher transcript levels during the night (Figure 2 and Tables S4 208 and S5) while genes encoding ribosomal proteins in C. watsonii WH 8501 and Cyanothece sp. 209 ATCC 41142 had maximum transcript levels during the day (Figure 2 and Tables S4 and S5) . 210 Intriguingly, these results imply that both UCYN-A and T. erythraeum have adopted day-time 211 gene transcription patterns for the main metabolic pathways minimizing cellular processes in the 212 dark. The night-time patterns of the transcript levels of the ribosomal proteins (genes) would make 213 it possible to have proteins synthesized in order to make the most efficient use of the light period, 214 as in Prochlorococcus. Because UCYN-A and Trichodesmium are likely to be the two most 215 abundant N 2 -fixing cyanobacteria in the open ocean, it appears that direct coupling of N 2 fixation 216 to photosynthesis is important in the oligotrophic environment (as long as low oxygen 217 concentrations are maintained in the cell). 218
Phosphorus is a vital element for cellular energetics and growth and is acquired by oceanic 219 bacterioplankton primarily as phosphate (29-31). The UCYN-A phosphate ABC transporter had 220 the same diel pattern as in Trichodesmium for genes involved in DNA replication, with higher 221 transcript levels during the day (Table S5 ), but maximum transcript abundances during the late 222 afternoon in Crocosphaera and Cyanothece (17, 32). High levels of phosphate transporters during 223 the day could meet the increased demand for inorganic phosphate (33, 34) during DNA 224 replication, which occurs during the day in UCYN-A and Trichosdesmium. Similar patterns were 225 observed in the heterocyst-forming Richelia with peak expression of P acquisition genes at 226 approximately 15:00, suggesting the apparent rhythmicity of P acquisition could be a common 227 feature of daytime N 2 -fixers (35). 228
The initiation factor of DNA replication, DnaA, is a protein highly conserved in prokaryotes 229 although it is absent in red algae, the cyanobacterial symbiont Nostoc azollae (36) and also the 230 spheroid bodies of diatoms (37). The genome of UCYN-A lacks the dnaA gene as well. Recent 231 studies suggested that DnaA is not essential for DNA replication and the lack of dnaA could 232 suggest a preadaptation of the genome to enable the symbiosis (38). In UCYN-A and T. 233 erythraeum, genes for DNA replication (dnaE and RNaseHI), DNA topoisomerases, DNA gyrases 234 and cell division (ftsZ, mre, min) had maximum transcript levels during the day (i.e., after 235 midday), and minimum levels at night ( Figure 3A and Figure S1 ). In contrast, the nighttime N 2 -236 11 fixing Cyanothece sp. ATCC 51142 and C. watsonii WH 8501 confine cell division to the period 237 of transition from dark to light at sunrise. The temporal delay in cell division in Cyanothece and 238
Crocosphaera has been suggested to reflect the need to recover energy reserves with light-derived 239 energy after night-time metabolic activity (39). The similarity of the pattern in UCYN-A to 240
Trichodesmium is consistent with UCYN-A shifting metabolism to the daytime. 241
Microscopy counts of the B. bigelowii -UCYN-A2 symbiosis were performed eight times 242 during two diel cycles in order to observe the timing of cell division (Figures 3B and C and Table  243 S6). In both diel cycles, single host cells with two associated UCYN-A2 cells (or groups of cells), 244
corresponding to approximately 60% of total cell counts, were present at night between 21:00 and 245 03:00. The delay observed between the higher transcription levels after midday and actual cell 246 division at 21:00 may be explained by the need of the cell to coordinate the assembly of the cell 247 division machinery prior to cell division. 248 249
Unique UCYN-A transcription patterns 250
Although many gene transcription patterns in UCYN-A are more similar to 251
Trichodesmium than to other unicellular N 2 -fixing cyanobacteria, some of the patterns were 252 unique to UCYN-A. Such unique gene transcription patterns in the UCYN-A symbiosis may 253 provide clues to possible roles of specific genes involved in adaptation to N 2 -fixing symbiosis 254 revealing metabolic interdependence between host and symbiont. In order to compare the 255 transcriptomic patterns of these specific genes with the rest of the N 2 -fixers, we performed 256 network analysis of these genes using Pearson correlation. Whereas most of the key genes of 257 the major pathways in UCYN-A had higher transcript levels during the day, the other 258 unicellular N 2 -fixing cyanobacteria had maximum transcript levels at night ( Figure 4 UCYN-A can redirect electrons from PSI to NDH-1 in cyclic phosphorylation. This mechanism 284 to supply nitrogenase with electrons was proposed years ago for heterocysts (43). 285 13 Together, the results are consistent with the assumption that UCYN-A uses host-supplied 286 carbohydrates during the day while other unicellular cyanobacteria synthesize their own 287 carbohydrates during the day and use them during the evening or at night. The unique distribution 288 of these metabolic processes suggests that UCYN-A has developed the ability for light-driven, 289 day-time N 2 fixation under oxic conditions as a result of symbiosis. 290
Apart from fixed carbon, several other compounds may be made available to UCYN-A, 291 which may be endosymbiotic, and relies on the host for all of its essential nutrients. 292
Interestingly, UCYN-A has the whole pathway for the synthesis of the cyanobacterial type of 293 vitamin B 12 , pseudocobalamin, that can be required for the activity of several vital enzymes in 294 central metabolism (44) ( Table S8 ). Transcription of genes involved in B 12 synthesis were 295 detected in all cyanobacteria, and some of them had diel patterns (Table S2 and S8). It is 296 unknown if UCYN-A has enzymes that require pseudocobalamin or whether it can be used by 297 the host. However, in order for the host to use pseudocobalamin, it would have to be remodeled 298 in order to be accessible to the haptophyte (45). The role of pseudo-B 12 biosynthesis in UCYN-299 A is unclear, but the fact that UCYN-A retains this entire pathway, in such a reduced genome, 300
indicates that it is likely to have an important role, perhaps in symbiosis. 301
It is still unclear how N 2 fixation in UCYN-A avoids the oxygen evolved by the 302 photosynthetic host alga. There are only two possible pathways for consuming O 2 in UCYN-A, 303
including aerobic (cytochrome-dependent) respiration and the photocatalyzed reduction of O 2 to 304 H 2 O in PSI which occurs in the heterocysts of cyanobacteria like Nostoc sp. PCC 7120 (46-48). 305
The latter, called the Mehler reaction, results in the production of the superoxide radical O 2 -, 306 which is subsequently reduced to water (49, 50). 307
In UCYN-A, the cytochrome c oxidase coxA gene was transcribed during the night (cluster 308 IV) but also rarely during the day, along with a few N 2 fixation genes (cluster I) ( Figure 1) . 309
Moreover, we also found higher transcript levels during the day for the antioxidant enzyme 310 14 superoxide dismutase (sod1) and two peroxiredoxins (prxR), which have the ability to detoxify 311 peroxide (Figures 1 and 7) . Both antioxidants would protect the nitrogenase against the reactive 312 oxygen species produced by UCYN-A or the haptophyte host ( Figure 7) . 313
It is not currently possible to directly determine the oxygen protection mechanisms in this 314 uncultured microorganism because 1) transcription cannot necessarily be related to function and 2) 315 it is not possible to do physiological experiments with this low-abundance microorganism that has 316 yet to be obtained in an axenic culture. Consequently, the question of protection from O 2 cannot be 317 directly addressed experimentally, but our results suggest that some of the proteins in UCYN-A 318 could help to protect nitrogenase from the O 2 generated by host photosynthesis. 319
Because UCYN-A has genome reduction normally associated with endosymbiosis (e.g. in 320
Paulinella chromatophora; (51)), the unique gene transcription patterns of UCYN-A may provide 321 insights into the evolution of endosymbiosis and organellar evolution. Future studies are needed to 322 determine if the rhythm of these patterns is maintained under constant conditions as in a circadian 323 rhythm, whether the host has a circadian rhythm and/or the daily cycle in UCYN-A simply 324 responds to metabolite availability from the host. It will also be interesting to determine how PSI 325 is involved in supporting the energy or reductant requirements of N 2 fixation. Such experiments 326 will have to await the establishment of a pure culture. Ecology Research and Analysis (CAMERA, http://camera.calit2.net/,(56)). Agilent technology 427 allows 5% nt mismatch in the whole probe region, thus sequences with a range of 95-100% nt 428 identity to the target probe are detected. Therefore, all probes with BLASTN hits with 95% over 429 100% nt length were deleted. Next, probe sequences that passed the cross-hybridization filter, 430 were clustered using CD-HIT-EST(57, 58) at 95% nt similarity to select unique probes for UCYN-431 A1 and unique probes for UCYN-A2. Finally, to select probes specific for each strain, the probes 432 with 95% nt identity to the genes in the other strain were deleted. However, a few probes that 433 showed cross-hybridization between both strains for highly conserved genes (such as the 434 19 nitrogenase gene, nifH) were retained. In summary, 6120 probes for 1194 genes of UCYN-A1 and 435 6324 probes for 1244 genes of UCYN-A2 were chosen. 436
In addition, standard control probes as part of the Agilent Technology Array (IS-62976-8-437
V2_60Kby8_GX_EQC_201000210 with ERCC control probes added) were included randomly to 438 feature locations on the microarray slide. The final design of the microarray was synthesized on 439 two platforms: ca. 62976 experimental and 1319 control probes on the 8x60K array slide and ca. 
1) UCYN-A microarray 473
Transcription values for each gene were obtained using median polish summarization, and 474 values were normalized using quantile normalization (63, 64) ( Figure S2 ). The transcription values 475 for UCYN-A at L6, L9, D3 and 2L12 are the mean transcription of the two replicates (L6-1, L6-2, 476 L9-1, L9-2, D3-1, D3-2, 2L12-1 and 2L12-2). Raw and normalized microarray data for UCYN-A 477 were submitted to NCBI GEO under accession number GSE100124. To determine if transcription 478 of a gene was detected, the signal-to-noise ratio (SNR) of each chip was calculated as: SNR = (S i -479 BG)/BG; where S i is the hybridization signal for the gene and BG is the chip background signal 480 determined as average of the lowest 5% of all signals. Transcription was considered detected if 481 SNR of a transcript was ≥5 (as in (Shilova et al. 2014 ) Transcription values were centered and 482 scaled across genes and samples, and a distance matrix was calculated using Pearson's correlation 483 coefficient. The distance matrix was then used in hierarchical clustering by a complete 484 21 agglomeration method to identify clusters of genes with similar patterns of transcription during the 485 diel transcription. 486
2) T. erythraeum microarray 487
The raw microarray data for T. erythraeum were subjected to robust multichip average 488 (RMA) analysis (65) and quantile normalization (63, 64) ( Figure 3S) . Transcription values for 489 each gene were obtained using median polish summarization (54). Final transcription value for 490 each sample was a mean of up to twelve technical replicates (Blocks 1 and 2 with up to six 491 replicate probes in each block in the T. erythraeum microarray design). A gene was selected for 492 further analysis if it had log 2 transcription above 64 in at least 25% of samples and an interquartile 493 range across all samples on the log 2 scale of at least 0.5. This filtering resulted in 4128 genes, 494 which were used in further analysis. 495
3) Comparison of diel transcription patterns for all cyanobacteria 496
Transcription data for Prochlorococcus sp. MED4, Cyanothece sp. ATCC 51142 and 497 Crocosphaera watsonii WH 8501 was collected from previous published data (16-18). 498
Cyanothece sp. ATCC 51142 and C. watsonii WH 8501 microarray data were downloaded 499 from ArrayExpress (http://www.ebi.ac.uk/aerep/) using accession no. E-TABM-386 and E-500 TABM-737, respectively. The genes with periodic transcriptional patterns for all studied 501 cyanobacteria (Prochlorococcus sp. MED4, Cyanothece sp. ATCC 51142, C. watsonii WH 502 8501, T. erythraeum and UCYN-A) were identified using the R package "cycle" based on 503 Fourier analysis, and the genes with FDR<0.25 were selected for further comparison (66) 504 (Table S2 ). To compare the diel transcription patterns among the cyanobacteria, gene 505 transcription values for each cyanobacterium were selected for over 36 hours. Eight points 506 were selected for UCYN-A (L6, L9, D3, D6, 2D12, 2L3, 2L9, 2L12), 9 points for T. 
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